INTRODUCTION
Mice homozygous for the motheaten (me) or viable motheaten (mev) alleles display numerous defects in lymphopoiesis. These defects include a paucity of surface immunoglobulin-positive (Ig/) B cells and abnormal peripheral T-cell functions (Green and Shultz, 1975; Shultz et al., 1984; Greiner et al., 1986; Shultz and Sidman, 1987; Shultz, 1988) . Furthermore, a number of autoimmune disorders develop that include hypergamma-globulinemia, autoantibody production, and immune complex glomerulonep,hritis (Kincade, 1981; Shultz and Sidman, 1987; Shultz, 1988) . The believed to be autoimmune in origin (Shultz and Sidman, 1987; Shultz, 1988) . This autoimmune syndrome can be transferred to irradiated recipients using meV/me bone marrow stem cells (Kincade, 1981; Shultz, 1988) .
Developmental abnormalities are evident in cells that express the enzyme terminal deoxynucleotidyl transferase (TdT; presumptive T-and B-lymphoid stem cells) in me and me"/me bone marrow and thymus (Landreth et al., 1981; Greiner et al., 1986) . These bone marrow and thymus TdT/-cell developmental defects appear to be associated with the defects in thymocytopoiesis and may have a causal relationship to the peripheral T-and B-lymphocyte abnormalities. Moreover, at least some of the TdT /- (Landreth et al., 1981; Greiner et al., 1986 ) and B-cell progenitor cell (McCoy et al., 1985; Greiner et al., 1986; Kincade, 1987) developmental abnormalities, 192 S.M. HAYES et al.
when analyzed in selective in vitro assay systems (Medlock et al., 1987; Hayashi et al., 1988) , appear to be secondary to bone marrow microenvironmental defects.
Studies on thymocytopoiesis in me and meV/me mice have demonstrated a premature thymic involution, commencing as early as 4 weeks of age Shultz and Sidman 1987; Shultz, 1988) . Furthermore, we have shown that both me and meV/me bone marrow prothymocytes fail to repopulate the thymus of irradiated recipients after intravenous (i.v.) transfer, but generate normal numbers of thymocytes following intrathymic (i.t.) adoptive transfer . Mixing of meV/me bone marrow with normal bone marrow restores the ability of meV/me prothymocytes to generate thymocytes after i.v. injection (Komschlies et al., 1987) , again suggesting that a marrow microenvironmental defect may underlie certain of the early developmental defects observed in lymphopoiesis in me/me and meV/me mice.
The apparent prothymocyte homing defect in me and meV/me bone marrow cells may have in vivo consequences, since postnatal maintenance of normal thymocytopoiesis is dependent upon a low, but continual, seeding of the thymus by bone marrow hemopoietic precursors (Scollay and Shortman, 1984; Scollay et al., 1986) . Furthermore, the ability of bone marrow precursors to generate thymoc}tes following entry into the thymus appears to be self-limiting, and will cease within 4 to 5 weeks following thymic entry Scollay et al., 1988 ; Komschlies et al., 1987 Thymocyte subpopulations
me"/me Shultz and Sidman, 1987; Shultz, 1988) , we examined the phenotypic characteristics of the thymocytes prior to and during this involution process. As shown in Table 1 and Figure 1B, . To investigate these various possibilities, we used the i.t. adoptive transfer assay Scollay et al., 1988; Shortman et al., 1988) to quantitate the intrathymic precursor activity of thymocytes in meV/me mice. This assay system was used because intrathymic precursors poorly repopulate the thymus following i.v. adoptive transfer (Kadish and Basch, 1977; Fowlkes et al., 1985; Scollay et al., 1988) ,.and intrathymic precursor activity is readily quantified using the ,i.t. adoptive transfer assay Scollay et al., 1988 Thymocytes from 4-week-old me'/me mice clustered into two distinct groups when the relative intrathymic precursor activity was calculated ( Fig. 2A) . In one group, the relative intrathymic precursor activity was equivalent to that of age-matched B6+/-littermates. In" the second group, the relative intrathymic precursor activity was decreased in relation to that of B6+/-littermates ( Fig. 2A) . In 5-, 6-, and 7-week-old meV/me mice, the relative intrathymic precursor activity was reduced in relation to that of age-matched B6+/-littermates, approaching nondetectable levels of precursor activity in 60% (3/5) of 6-week-old meV/me mice and 100% (3/3) of 7-week-old meV/me v mice. No differences were observed in the relative intrathymic precursor activity of B6+/-littermates between 4 and 7 weeks of age ( Fig. 2A) , which, as observed in bone marrow prothymocyte activity (Komschlies et al., 1987) , were comparable to that of wild-type B6+/+ mice (data not shown). Furthermore, in 3-week-old meV/me mice, we observed a decrease in intrathymic precursor activity prior to detectable thymic involution, suggesting that the loss of intrathymic precursor activity precedes thymic involution (data not shown).
Due to the variability in intrathymic precursor activity observed in involuting meV/me thymuses, especially in 4-week-old meV/me mice, we determined whether the extent of thymic involution in meV/me mice (loss in total cellularity) was related to the level of intrathymic precursor activity. As shown in Fig. 2B (Shultz and Sidman, 1987; Shultz, 1988) , and we have previously suggested ) that these mice may be representative of an accelerated aging process in the immune system. Therefore, it was of interest to compare directly the thymic involution of meV/me mice with that observed in normal mice during aging. As observed in an meV/me involuting thymus, there is a significant decrease in the absolute number of each of the four major thymocyte subsets (DN, 76%; DP, 92%; SP, 80%) in the severely involuted thymuses from aged normal mice as compared to thymocyte subsets present in weanling (4-6-week-old) B6+/+ mice (Table 2) . However, the relative proportion of each of the major thymocyte subsets was consistent in aging B6+/+ mice through 14-15 months of age, although the cellularity of the older 14-16-month thymuses was decreased 60 to 90% with respect to that of weaning B6+/+ mice ( (Figs. 2A and 3A) . By 11 to 13 months of age, however, the intrathymic precursor activity of B6+/+ mice was decreased by 57 to 87% as compared to that of 1-month-old B6+/+ mice and continued to decrease with time to essentially nondetectable levels (98% decrease) of intrathymic precursor activity in 100% (4/4) of 16-17-month-old mice (Fig. 3A) . As observed in involuting meV/me thymuses, the decrease in thymus cellularity exhibited a strong linear correlation (r2=0.900) with the loss of intrathymic precursor activity with age (Fig. 3B) Komschlies et al., 1987; Fig. 2 decrease in cellularity, and a decrease in the absolute numbers of each of the four major thymocyte subsets (Table 4 ). The proportions of each of the thymus subsets that were present, however, were different (Fig. 1D ) from that observed in an meV/me involuted thymus (Fig.  1B) (Greiner et al., 1982) , the number of thymocytes generated by equivalent doses of untreated and steroid-treated bone marrow was essentially equal (Table 5) . Also contained within these various thymocyte subsets are DN thymocytes that express either CD3 or surface Ig and are unable to function as intrathymic precursors in adoptive transfer assay systems . In addition, variations in the DN CD3 / population with respect to mouse strains and to the class of T-cell receptor expressed occurs (Shortman et al., 1990) . Consequently, we analyzed the DN thymocyte population in the involuted thymuses to determine whether there was an increase in the percentage of DN cells expressing CD3 using the 2Cll monoclonal antibody that detects a portion of the CD3 complex expressed by both alpha/beta-and gamma/delta-expressing T cells. An increase in (Table   6 ).
In light of our findings, it appears that the thymic involution in meV/me mice may in part be due to the CD4-CD8-CD3-sIg-subset being unable to generate thymocytes, as demonstrated by their transfer to adoptive recipients. To determine whether these precursors are arrested in development, it will be of interest in future studies to examine additional time points following adoptive transfer of the donor thymocytes to confirm the absence in involuted meV/me thymuses of each of the developmentally distinct populations that have been described. However, based on our inability to demonstrate any intrathymic precursor activity at day 14 following transfer to irradiated recipients, and because of the large excess of DN cells injected, it seems highly unlikely that we have missed a significant population of DN thymocytes in involuting meV/me thymus that possesses precursor activity.
Alternatively, we have previously suggested (Komschlies et al., 1987) (Fowlkes and Pardoll, 1989; Robey et al., 1990; Spangrude and Scollay, 1990; von Boehmer, 1990) that are important in the clonal selection, survival, and differentiation of thymocytes (Robey et al., 1990; von Boehmer, 1990 (McCoy et al., 1982 (McCoy et al., , 1984 Medlock et al., 1987; Hayashi et al., 1988; Shultz, 1988; Van Zant and Shultz, 1989) (Clarke and Kendall, 1989) . Of special interest in our studies was the involution in meV/me thymus with that of thymuses in aged mice, because we have suggested previously ) that the meV/me mouse may represent an accelerated model of aging in the lymphopoietic system. Thymic involution in normal mice begins soon after puberty, while the animal is still increasing in body weight (Santisteban, 1960 (Tyan, 1982; Williams et al., 1986) . However, other investigators find prothymocyte and thymic activity to be impaired in aged mice (Kay, 1984; Hirokawa et al., 1986 (Harr et al., 1989 ) such as thymotaxin (Imhof et al., 1988; Deugnier et al., 1989) . However, it is most likely not thymotaxin, because this compound has been found to be beta-2 microglobulin (Dargemont et al., 1989) , and beta-2 microglobulin-deficient mutants have normal development of the thymus (Koller et al., 1990; Zijlstra et al., 1990) (Reichert et al., 1986; Vliet et al., 1986) . Of interest in this study was the unexpected finding of the higher steroid sensitivity of intrathymic precursors compared to bone marrow prothymocytes. In the bone marrow, the prothymocyte population is relatively resistant to steroids (Greiner et al., 1982) . We confirmed these findings, and we were able to calculate that approximately 60% of bone marrow prothymocyte activity is lost following steroid treatment. This is in marked contrast to the loss of intrathymic precursors observed in the steroid-treated mice, in which greater than 99% of the precursor activity was lost. The loss of intrathymic precursor activity, however, is supported by phenotyping data. Approximately 40% of steroid-resistant DN thymocytes express CD3 or Ig and would be unable to generate thymocytes in adoptive recipients (Table 6 ). Furthermore, other investigators have shown that steroid treatment depletes CD5 thymocytes (Scollay and Shortman, 1985) , a population that contains intrathymic precursor activity (Fowlkes et al., 1985 4-6-week-old mice (Vliet et al., 1986; Compton et al., 1987) .
Cell Suspensions
Bone marrow cells were obtained by flushing tibias and femurs with cold medium (Hepes buffered RPMI 1640). After repeated gentle pipetting to disperse the cells, the marrow was centrifuged at 150xg for 5 min and resuspended in cold medium for cell counting. Thymus cell suspensions were prepared by gently pressing the tissues through a 50-mesh cell sieve followed by washing in cold medium. Cell viability was determined by exclusion of 0.1% trypan blue and was greater than 95% in all cases ).
Immunofluorescence Analysis
Thymocytes were labeled for immunofluorescence analysis as previously described 
